Agar medium (SME) prepared from aqueous soil extract was used to examine genetic transformation of Pseudomonas stutzeri JM302 (his-i) by homologous his' DNA in a plate transformation assay. Growth studies indicated that SME was strongly limited in carbon and nitrogen sources. Transformation was observed on SME supplemented with pyruvate, phosphate, and ammonium. A 25-fold increase of the transformation frequency was obtained with nitrogen limitation when SME was supplemented with only pyruvate plus phosphate. Similar results were obtained with artificial soil extract medium prepared on the basis of the chemical analysis of the soil extract. On a standard minimal medium, transformation frequencies also increased (10-to 60-fold) when ammonium, phosphate, or pyruvate was growth limiting. Limitation of two or three nutrients did not stimulate transformation. The size of the inoculum (2 x 103 to 2 x 107 cells) was irrelevant to the enhanced transformation under nitrogen limitation on SME or standard minimal medium. We further show that P. stutzeri can use a variety of carbon and energy sources for competence development. It is concluded that genetic transformation of P. stutzeri is possible in the chemical environment of soil upon supply of nutrients and may be strongly stimulated by a growth-limiting concentration of single nutrients including sources of C, N, or P.
The use of genetically engineered microorganisms in the environment has focused interests on gene transfer processes in natural systems such as soil or sediments. It is important to know whether genetically engineered microorganisms and also their recombinant DNAs can persist in such microbial habitats and thereby contribute not only to the intracellular but also to the extracellular bacterial gene pool. DNA may be released from cells during cell lysis or by excretion from living cells, as has been shown for several bacterial species living in soil (e.g., see references 4, 5, and 7) and also for natural bacterial populations (21, 22) . Free chromosomal and plasmid DNA is stabilized against enzymatic degradation by adsorption to particulate material (1, 9, 11, 23a) . Such adsorbed DNA can be taken up by naturally transformable recipients (10, 13) .
Many bacterial species isolated from soil have been shown to'undergo natural transformation (12) . Transformation experiments are generally done in complex high-nutrition growth media. Early experiments demonstrating the transformation of Bacillus subtilis in soil were performed in the presence of complex media (6) . However, soil is considered a nutrient-poor environment (14, 27) . Potential organic substrates and inorganic nutrients such as ammonium, nitrate, or phosphate may even be unavailable to microbial cells because of their adsorption to humic acids and particulates, including clay minerals (26) . Essentially no information is available as to the effect of growth-limiting concentrations of nutrients in natural habitats on transformation. In this work, we investigated transformation of the naturally transformable soil bacterium Pseudomonas stutzeri (3, 13) in soil extract. Specifically, the influence of the addition of defined nutrients on transformation was studied. The findings indicate that transformation of P. stutzeri in the chemical * Corresponding author. environment of soil is possible and may even be stimulated if growth is restricted by single-nutrient limitation.
MATERIALS AND METHODS
Bacterial strains and DNA. P. stutzeri JM302 (his-i) was used for transformation. A noncompetent culture (2 x 10-9 transformants viable cell-' at 1 jig of DNA ml-l) grown in modified LB (3) to 6.3 x 109 cells ml-'was shock frozen (liquid N2) in the presence of 10% (vol/vol) glycerol and stored at -80°C until use (13) . Transforming' DNA was isolated from P. stutzeri JM375 (his') according to the method of Marmur (15) . Both strains were kindly provided by J. L. Ingraham, University of California.
Soil extract. The marsh soil used was collected during winter from a near-shore agricultural area (pastures) at Jadebusen, northwest Germany. The sample was air dried at 30°C for 12 days. To 1 kg of soil 2 liters of deionized water was added, and the sample was extracted at room temperature for 24 h under occasional stirring. The slurry-was centrifuged at 4,800 x g for 15 min. The turbid supernatant was filtered through a paper filter (Schleicher & Schuell; no. 595) to remove large particulate and floating material. Small suspended material was sedimented by a high-speed centrifugation step' (15 min, 19 ,200 x g). The clear, brownish supernatant was passed through a cellulose acetate filter (0.45 ,um; Sartorius, Gottingen, Germany) and stored in sterile glass bottles at 4°C. The absence of colony-forming bacteria in the extract was verified by plating on rich and minimal medium.
Soil extract medium. Experiments on soil extract agar medium (SME) were done in petri dishes (diameter, 3.5 cm; Greiner, Nurtingen, Germany) which were filled with 2.5 ml of SME. The preparation of the agar medium was as follows:
to a tube filled with 4 ml of warm (45°C) soil extract, 0.05 ml of histidine (4 mg ml-'), hot (80°C) agar (0.5 ml of 10% wt/vol) and water were added to give a total volume of 5 ml. The tube was sealed with Parafilm (American Can Co., Greenwich, Conn.) and vigorously shaken. The contents were poured into two cell culture petri dishes (2.5 ml in each). Supplementation of the soil extract with nutrients was done by adding 100-fold-concentrated solutions of pyruvate, potassium phosphate (pH 6.8), and/or ammonium chloride, giving the final concentrations indicated in Table 1 . Afterwards agar, histidine, and water were added to give a volume of 5 ml. The medium was poured into petri dishes as mentioned before.
Artificial soil extract was prepared on the basis of the chemical analysis of the natural soil extract. The following inorganic ions were present at the indicated concentrations (2) , and N02 was measured by ion chromatography (Dionex Equipment, Muhlheim, Germany). Inorganic ions and pyruvate as a substitute for the organic carbon present in the soil extract were used at the concentrations indicated above. Nitrate and nitrite were included as sodium salts and phosphate as K2HPO4. Ammonium, potassium, sodium, and calcium were present as chlorides in artificial soil extract agar medium (ASME) and magnesium and iron(III) were present as sulfates. The pH was adjusted to 8.5 with 0.01 N NaOH. ASME was prepared in the manner described for SME (see above).
Minimal media. Minimal succinate (MS) medium (3) Table 3 .
Histidine (40 jig ml-1) was always included in the media.
Organic acids (sodium salts), L-valine, and alcohols were included at 0.8% (wt/vol), and saccharides were included at 0.5%. Experiments on the effect of varying concentrations of one nutrient, i.e., carbon, phosphorus, or nitrogen, on growth and transformation (see Fig. 1 ) were done with standard minimal medium, which is MS containing pyruvate instead of succinate. Nitrate was omitted from the medium when the influence of ammonium on growth and transformation was studied. In some experiments (see Table 2 ) more than one nutrient was used at concentrations limiting growth with nitrate omitted from the medium. All studies were done in normal petri dishes filled with 25 ml of agar media.
Other growth and transformation tests (see Table 4 ) were performed on histidine supplemented minimal pyruvate (MP) agar medium (2.5 ml in cell culture petri dishes). MP stutzeri on SME was investigated by a modified protocol of the plate transformation assay previously described (8) . Stationary-phase cells (2.3 x 107) together with saturating amounts of transforming DNA were spotted on SME and incubated at 37°C for 3 days. Then viable cells and transformants were quantified. Transformations were performed in parallel on SME and SME supplemented with defined nutrients (pyruvate, phosphate, and ammonium) which were added to SME in various combinations. For comparison, growth and transformation were studied on ASME, which was prepared according to the data of the chemical analysis of the soil extract (see above) and on nutrient-supplemented ASME.
Growth on SME and ASME was poor, giving rise to only one to two generations ( 2) resulted in transformation. Some transformants were also found on ASME without supplementation, indicating that conditions on ASME were more favorable for transformation than on SME. However, fully supplemented ASME gave 13-fold-higher transformation frequencies than unsupplemented ASME (Table 1, of the nutrients added were required for transformation on SME. Supplementation of SME with C, N, or P did not increase growth, nor did transformants arise ( Relationship of transformation frequency to nutrient limitation in standard minimal medium. The unexpected finding that SME and ASME supplemented with pyruvate plus phosphate gave very high transformation frequencies was further investigated. Growth and transformation were measured in standard minimal medium which contained decreasing concentrations of pyruvate, phosphate, or ammonium. Figure 1 shows that with decreasing concentrations of each of the nutrients, growth was continuously reduced until a minimum level of one to two generations was reached. With decreasing growth, transformation frequencies increased, showing a maximum at a specific low nutrient supply. Figure 2 shows the time courses of growth and of the appearance of transformants on both standard and nitrogenlimited minimal medium. On standard minimal medium the cells reached the stationary phase after 12 h at about 3 x 109 ml-1 (approximately four generations). Under nitrogen limitation, the cell titer doubled only once within the first 6 h and then remained constant at about 5 x 108 ml-1. These cells were N starved. Their transformation frequency increased for 48 h and remained at the high level during the next 24 h. On standard minimal medium the transformation frequency reached a lower level during the exponential growth and subsequently declined. In summary, transformation was stimulated by limitation of one nutrient, which can be N, C, or P ( Fig. 1 and 2) .
On standard minimal medium with limiting concentrations of two or three nutrients ( TlI ME (h) Under optimal conditions for transformation on SME, i.e., ffi limitation of only a nitrogen source ( (Table 4 ).
<-This shows that the initial number of cells is not a critical factor and that the number of generations is not correlated with the level of transformation ( Fig. 1 and 2 with the regulated development of a physiological state called competence, which eventually leads to inheritance of genetic markers derived from free DNA taken up by the cell (24) . We are interested in whether gene transfer by transformation occurs in natural bacterial habitats. In this context, a detail important to know is whether the chemical environment of soil is appropriate for transformation. Therefore, we consider the use of soil extract to be a consequential analytical step on the way to transformations in the more complex soil system. Soil extract represents a model environment for the evaluation of transformation in soil, because natural chemical factors influencing transformation can be identified before the effects of physical factors, such as natural solid-liquid interfaces, are studied. Chemical factors may affect transformation at different levels: (i) the concentration of nutrients may determine whether competence is developed; (ii) organic and inorganic substances of soil may interfere with cell-DNA interactions like DNA binding and uptake; and (iii) recombination and expression of the acquired trait may be influenced. For our studies we have chosen P. stutzeri JM302. This strain has been isolated from (Table 2 ). Other double and also triple limitations virtually abolished transformation ( Table 2 ). In contrast, limitation of a single nutrient highly stimulated transformation ( Fig. 1 and 2 ). Stimulation of transformation by nitrogen limitation was also observed on SME and ASME (pyruvate plus phosphate added; 6 and 7). The sevenfold-lower transformation efficiency on SME compared with that on ASME under conditions of full supplementation (Table 1 , experiment 2) may be the result of the action of some transformation inhibitor endogenous to soil. Adverse effects on transformation by nutrient addition were also detected with ASME. For instance, the low transformation obtained on ASME ( Supplementation of SME with single nutrients did not allow transformation, presumably because nutritional conditions of SME were not improved, i.e., the other two nutrients were still limited, which prevented growth and transformation. For instance, the absence of transformants on solely pyruvate-amended SME indicates an insufficient supply of phosphate (in addition to strong nitrogen limitation), although the P amount determined by chemical analysis (see "Soil extract medium" above) should be optimal for growth (Fig. 1B) . Probably most of the phosphate is unavailable to the cells because of complexation with humic or other sorptive substances in SME. Hence, this medium was limited in two nutrients, which in turn prevented transformation ( (17), with a 200-fold difference in levels of competence on glucose or mannitol. As shown here, transformation of P. stutzeri was 4 to 20 times more effective when the bacterium was grown on pyruvate than when it was grown on other substrates (Table  3) . A. vinelandii became equally competent with several organic and inorganic ammonium salts and dinitrogen (16) . Limiting concentrations of phosphate and magnesium reduced the level of competence (19) , whereas under iron limitation (18, 20) or iron limitation plus molybdenum starvation the cells became highly competent (17) . Therefore, it was suggested that A. vinelandii may develop competence in soil (18) .
With P. stutzeri we demonstrated that the quality and quantity of the nutritional composition of the environment determine transformability. In artificial and natural soil extracts, we observed impressive stimulation by singlenutrient limitation. Inhibitory effects of an extra N plus P supply were also detectable. Many organic substances can be used by P. stutzeri as substrates for the development of competence (Table 3 ). These data, together with the finding that the cell number was not critical for transformation (Table 4) , are consistent with the assumption that transformation can occur in natural habitats such as soil and sediments (23) where nutrients are frequently present at suboptimal concentrations for growth and where the cell number of a transformable bacterial species may be generally low. Whether competence is developed, as well as the eventually achieved extent of competence ( Fig. 1 and 2) , depends on the actual supply of organic and inorganic nutrients. Recent observations in model microcosms show that P. stutzeri and also B. subtilis can take up mineral-adsorbed DNA (10, 13) . This fact may be ecologically important in terms of gene exchange in soil and sediments, because there extracellular DNA is thought to be mostly associated with mineral surfaces which protect DNA against enzymatic degradation (1, 9, 11, 12, 23a) . The results obtained so far, including transformation in marine sediments (25) , support the idea that transformation may be a relevant gene transfer mechanism of soil bacteria in their natural environments.
